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INTRODUCTION
Distant-acting transcriptional enhancers are a major class of tissue-specific regulatory DNA sequences that has been implicated in morphological evolution in vertebrates (Chan et al., 2010; Cooper et al., 2014; Cretekos et al., 2008; Guenther et al., 2014; Guerreiro et al., 2013; Indjeian et al., 2016; Jones et al., 2012; Lopez-Rios et al., 2014; McLean et al., 2011; Prabhakar et al., 2008) . Sequence changes in non-coding regulatory DNA are hypothesized to be a main driver of changes in body shape (Britten and Davidson, 1969; Carroll, 2008; King and Wilson, 1975; Wray, 2007) , but many aspects of this complex interplay between molecular changes in regulatory sequences and morphological adaptations across the vertebrate tree remain the subject of considerable debate (Hoekstra, 2012; Wittkopp and Kalay, 2011; Wray, 2007) .
In the present study, we utilized a series of recently sequenced snake genomes to study the molecular and functional evolution of a critical limb enhancer in snakes and examine its possible role in limb loss. Our analysis focuses on one of the best-studied vertebrate enhancers, the Zone of Polarizing Activity [ZPA] Regulatory Sequence (ZRS, also known as MFCS1) (Lettice et al., 2003 (Lettice et al., , 2008 (Lettice et al., , 2012 (Lettice et al., , 2014 Sagai et al., 2004 Sagai et al., , 2005 Zeller and Zuniga, 2007) . The ZRS is a limb-specific enhancer of the Sonic hedgehog (Shh) gene that is located at the extreme distance of nearly one million base pairs from its target promoter. During limb development, the enhancer is active in the posterior limb bud mesenchyme ( Figure 1A ), where its activity is critically required for normal limb development in mouse (Sagai et al., 2005) . Singlenucleotide mutations within the ZRS cause limb malformations, such as preaxial polydactyly, in multiple vertebrate species including humans (Hill and Lettice, 2013; Lettice et al., 2003 Lettice et al., , 2008 VanderMeer and Ahituv, 2011) . Surprisingly, we observed that the sequence of this limb enhancer is conserved throughout nearly all examined species in the snake lineage. In basal snakes, which retain vestigial limbs, it is highly conserved, whereas it underwent a rapid increase in substitution rate in advanced snakes, in which all skeletal limb structures have disappeared. Consistent with this, we provide evidence that the snake enhancer progressively lost its in vivo function as the body plan evolved from basal to advanced snakes. Finally, we identify a specific subset of nucleotide changes within the enhancer that contribute to its functional degeneration in snakes and show in a mouse model that synthetic reintroduction of just one degraded transcription factor binding site is sufficient to recreate the ancestral function and to rescue normal limb formation in vivo.
RESULTS

A Critical Limb Enhancer Is Evolutionarily Conserved but Highly Diverged in Snakes
To explore the potential role of the ZRS limb enhancer in snake evolution, we examined the draft genomes of six snake species including the Burmese python (Python molurus bivittatus) (Castoe et al., 2013) , boa constrictor (Boa constrictor constrictor), king cobra (Ophiophagus hannah) (Vonk et al., 2013) , speckled rattlesnake (Crotalus mitchellii pyrrhus), viper (Vipera berus berus), and corn snake (Pantherophis guttatus) (Ullate-Agote et al., 2014) . These species represent different morphological stages within the evolutionary history of snakes (Apesteguía and Zaher, 2006; Martill et al., 2015) , from basal snakes (boa and python) that retained a vestigial pelvic girdle and rudimentary hindlimbs, to advanced snakes (viper, rattlesnake, king cobra, and corn snake) that completely lost all skeletal limb structures and represent the majority (>85%) of all extant snake species (Lawson et al., 2005; Pyron et al., 2013) . Nearly all of the snake species studied have a ZRS-orthologous sequence (Figures 1B and S1) . However, while the ZRS enhancer of basal snakes shares $80% nucleotide identity with the orthologous region from limbed lizards and shows a substitution rate similar to other vertebrate ZRS orthologs, the ZRS of advanced snakes displays a substantially increased number of substitutions compared to other enhancers (p = 0.012, permutation test; Figures 1B, 1C, and S2; Table S4 ). This fast evolutionary rate clearly distinguishes the ZRS from other limb enhancers, which do not show such an increase in substitutions ( Figure S2 ) (Infante et al., 2015) . Thus, while nearly all snake species examined have a ZRS enhancer, a loss of evolutionary constraint on this enhancer coincides with the complete loss of limb structures at the transition from basal to advanced snakes.
Loss of Region-Specific Limb Enhancer Activity in Snakes
To systematically examine whether the sequence changes observed in different snake ZRS orthologs alter the in vivo function of the enhancer, we used a transgenic mouse enhancer reporter assay (http://enhancer.lbl.gov/) (Kothary et al., 1989; Visel et al., 2007) . We determined ZRS enhancer activity patterns for 16 different species covering a wide range of jawed vertebrates, --------------------------------------------------------- -- Figure 1 . Evolution of a Limb Enhancer across the Vertebrate Tree (A) Human ZRS enhancer activity in a mid-gestation (E11.5) mouse embryo. Staining in structures other than limb was not reproducible in additional transgenic embryos and due to ectopic effects. (B) Comparison of the core ZRS region across 18 different vertebrate species including two basal (blue) and four advanced (purple) snakes. See Figure S1 for full alignment.
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(C) Phylogeny of vertebrate species used in the study (based on UCSC [https://genome.ucsc.edu/cgi-bin/hgGateway] and Hsiang et al., 2015; Pyron et al., 2013) . Branch length indicates absolute ZRS substitution rate, colors indicate relative ZRS evolutionary rate compared to other embryonic enhancers (see Figure S2 and Method Details). The schematic illustrations of snake skeletons were drawn using images from Romanes (1892), http://www.zoochat.com/, and http://www. skullcleaning.com/ as templates. See also Figures S1 and S2.
including cartilaginous and bony fishes (elephant shark and coelacanth), four snakes (boa, python, rattlesnake, and cobra), and ten limbed tetrapods at mid-gestation (embryonic day [E] 11.5), a time point when the mouse ZRS is active ( Figures 1A  and 2 ) (Lettice et al., 2003) . The orthologs from nine finned or limbed vertebrates (coelacanth, lizard, chicken, platypus, sloth, horse, cow, mouse, and human) displayed reproducible patterns of activity in the posterior limb bud that were indistinguishable from the activity of the mouse enhancer (Figure 2) , confirming the deep conservation of its function across vertebrates with paired appendages (Dahn et al., 2007; Lettice et al., 2003; Sagai et al., 2004) . ZRS orthologs from three species were active in the ZPA of mouse limb buds but also had activity expanded anteriorly (dolphin and megabat) or proximally (elephant shark).
In contrast, in four out of five basal and advanced snake species examined, either the enhancer activity in the ZPA or the enhancer sequence itself was lost ( Figure 2 ). Among them, the rattlesnake ZRS displayed an ectopic limb activity pattern that did not include the ZPA and may be related to an $180-bp insertion specifically found in the viper and rattlesnake lineage (Figures 2 and S1). Only the ZRS of boa, which diverged from python 63-96 million years ago (Esquerré and Scott Keogh, 2016) and among the examined snakes is the one showing the lowest nucleotide substitution rate with respect to that of the lizard, retained activity in the ZPA. Notably, the ZRS from all advanced snakes examined (rattlesnake and cobra) completely lost ZPAspecific activity.
Snake Enhancer Knockin Causes Severe Limb Truncation in Mice
To assess the extent to which the observed activity changes in transgenic reporter assays affect vertebrate limb morphology in vivo, we employed CRISPR/Cas9 genome editing to generate a series of knockin (KI) mice where the functionally critical 1.3-kb core region of the ZRS ( Figure S3 ) was replaced with the orthologous sequences of the same length from other species. We first replaced the mouse ZRS with the orthologs from human (73% sequence identity to the mouse ZRS) and coelacanth (57% sequence identity to the human ZRS), whose last common ancestor lived approximately 400 million years ago. Both the human and coelacanth orthologs resulted in Shh expression at the onset of limb bud formation that was indistinguishable from wildtype and rescued the formation of fully developed limbs , indicating that despite considerable evolutionary distance between mammals and fish, the enhancers of mouse, human, and coelacanth are largely functionally interchangeable. In contrast, replacing the mouse ZRS with the orthologous cobra sequence resulted in a complete loss of Shh expression and a truncated limb phenotype, affecting both the fore-and hindlimbs, that is indistinguishable from the phenotype caused by deletion of the mouse enhancer (Figures 3, S3 , and S4G) (Sagai et al., 2005) . This result confirms that despite recognizable sequence conservation, the cobra sequence lacks limb enhancer function and is therefore unable to support limb development. The less diverged python ZRS resulted in a similar but a slightly milder phenotype. While most skeletal forelimb and hindlimb elements distal of the stylopod:zeugopod junction were also severely affected, the python ZRS resulted in formation of Enhancer activities for 16 different vertebrate species in the limb buds of transgenic E11.5 stage mouse embryos. Numbers of embryos with lacZ activity in the limb over the total number of transgenic embryos screened are indicated. Some species (marked in italics) were active in the ZPA of the limb buds but had additional activity expanded anteriorly (dolphin and megabat) or proximally (elephant shark). *The rattlesnake ZRS enhancer drives an ectopic reporter activity pattern that does not include the ZPA (arrows point to the ZPA area without detectable LacZ activity). (C) Phylogeny and approximate divergence estimates (Amemiya et al., 2013; Hsiang et al., 2015; Wright et al., 2015) are shown on the left. Schematic mouse Shh loci with the ZRS replaced by orthologs from human (hZRS), python (pZRS), cobra (cZRS), and coelacanth fish (fZRS) are shown. (D) Comparative Shh mRNA in situ hybridization analysis in knockin mouse embryos during forelimb bud development (first column). Per knockin line, the Shh transcript distribution was assessed in at least three independent mouse embryos. See Figure S4G for hindlimb bud analysis of Shh expression. Corresponding whole-mount E14.5 knockin mouse embryos (second column) and skeletal preparations at E18.5 (third and fourth columns) are shown; s, scapula; h, humerus; r, radius; u, ulna; fe, femur; fi, fibula; t, tibia; a, autopod. two to three rudimentary digits in the forelimb and a slightly enlarged ossification resembling a rudimentary zeugopod (Figure 3D ). This result may be due to residual enhancer activity that was not detected in transgenic reporter assays (Figure 2 ). Consistent with this possibility, prolonged staining after RNA gross and limb skeletal phenotypes of the ZRS D/D KO mice (see Figure S3 for details). Numbers of embryos that exhibited representative limb phenotype over the total number of embryos with the genotype are indicated. *Three of five mouse embryos displayed mild digit number variation (see Figures S4H-S4J Figure S5 .
in situ hybridization indeed revealed very weak levels of Shh transcript in the posterior forelimb bud of python ZRS knockin mouse embryos (data not shown). Taken together our data indicate that both snake enhancers tested lost their ability to induce normal limb development in mice despite the much shorter evolutionary distance between mammals and snakes than between mammals and lobe-finned fish.
In Vivo Resurrection of a DistantActing Snake Limb Enhancer To identify specific nucleotide changes within the enhancer that may have led to its loss of activity in snakes, we examined the snake sequences in detail. While multiple nucleotide differences are observed between snakes and limbed lizards (Figure S1 ), one small deletion of 17 bp stood out because it affected a region of the ZRS that was highly conserved across all examined tetrapods and fish ( Figure 4A ). Although it represents less than 10% of all sequence changes between the snake and lizard ZRS, this deletion is the only sequence that is deleted in all snakes but present in all examined limbed vertebrates and fish ( Figures 4A and S1 ). To directly test whether this small snake-specific deletion contributed to the loss of enhancer activity in snakes, we created a partially ancestral allele by reintroducing the 17-bp deleted sequence into the python enhancer sequence (Figures 2, 4A , and 4B). In a transgenic mouse reporter assay, this reintroduction of 17 bp of sequence alone was sufficient to reinstate full enhancer activity in the posterior mesenchyme of the limb bud at E11.5 ( Figure 4C ). To determine whether this allele could also functionally restore normal limb development in vivo, we used CRISPR/Cas9 genome editing to replace the endogenous mouse enhancer with this partially ancestral allele. Consistent with the results of the transgenic reporter experiments, the resulting knockin mice with the modified python allele had normal limbs ( Figures 4D,  4E , and S5B). These results suggest that a 17-bp snake-specific deletion contributed to enhancer degeneration and that synthetic reintroduction of this microdeletion is sufficient to recreate the ancestral function of the ZRS and to rescue limb development in vivo.
To identify specific transcription factors that may be involved in the loss of enhancer function, we examined potential transcription factor binding sites that may have been affected by the 17-bp sequence deletion in the snake lineage. We identified a highly conserved motif within the deleted region whose sequence matched the binding preference of the ETS1 transcription factor. ETS1 has been suggested to directly activate the ZRS enhancer by binding to multiple ETS recognition sites (Lettice et al., 2012) . We scanned the ZRS-orthologous sequences from 18 vertebrates for the presence of additional conserved ETS motifs ( Figure S5C ). In total, five ETS motifs within the enhancer are conserved across tetrapods, which includes four ETS binding sites previously identified in the mouse enhancer (Lettice et al., 2012) . Remarkably, all five motifs were also conserved in coelacanth (bony fish), and three were present in elephant shark (cartilaginous fish, Figures 5 and S5C) . In contrast to this strong conservation of ETS motifs across limbed vertebrates and fish, and, despite the overall conservation of the ZRS sequence in basal snakes, all examined snakes have lost the E0 and E1 ETS motifs. In addition, the E4 motif was lost in rattlesnake, and cobra lost the E2 motif ( Figures 5B, S1 , and S5C). More generally, in vertebrates with paired appendages the ETS sites show increased evolutionary constraint compared to the rest of the ZRS, whereas in snakes the ETS sites do not stand out as particularly constrained ( Figure 5C ). The fact that loss of the E1 motif in the mouse ZRS is not sufficient to alter limb bud expression (Lettice et al., 2012) and that the boa ZRS is active despite the absence of both E0 and E1 motifs indicate that loss of these motifs alone cannot explain ZRS deactivation in the snake lineage. We therefore also scanned the ZRS for other transcription factor motifs that showed a similar snakespecific loss of evolutionary constraint (Table S5) . Interestingly, binding sites for homeodomain transcription factors, which have also been implicated in ZRS regulation (Capellini et al., 2006; Kmita et al., 2005; Lopez-Rios, 2016) , display a similar Figure S5 for details.
(C and D) Relative substitution rates in the ETS and homeodomain DNA motifs in the ZRS enhancer in non-snake species (black dots: species from Figure 5A ) and snakes (red dots: boa, python and rattlesnake). Mann-Whitney p value is shown on top. See also Figure S5 .
increase in substitution rate in snakes ( Figure 5D ). Taken together, our results implicate the loss of the E1 ETS site as well as potentially other ETS and homeodomain transcription factor binding sites in the loss of function of this limb enhancer in snakes.
DISCUSSION
In the present study, we demonstrate an increased rate of sequence changes, as well as progressive in vivo loss of function for a distant-acting limb enhancer in snakes. Decreased sequence conservation and loss of enhancer function were most pronounced in advanced snakes, which have lost all skeletal limb structures. The only snake genome in which no ZRS sequence was detected belonged to the corn snake. Our results indicate that the previously reported loss of the ZRS enhancer in Japanese rat snakes (Sagai et al., 2004) , a member of the same subfamily (Colubrinae) as corn snakes, is not representative of snakes in general but affects only a small subset of advanced snakes where it occurred after the morphological loss of all limb structures ( Figures 1B and S1 ). Across the snake species examined, the progressive sequence degeneration of the enhancer correlated with its loss of activity in transgenic reporter assays. In contrast, across all limbed tetrapods and fish examined, the enhancer activity was highly conserved. Remarkably, even a ZRS ortholog from fish (coelacanth), which shares less sequence similarity with the human ortholog than with the python ortholog (57% versus 59%), was sufficient for normal limb development despite the major morphological differences between mammalian limbs and coelacanth fins. The molecular basis of loss of limbs in snakes as they evolved from their limbed ancestor has been the subject of extensive speculation (Apesteguía and Zaher, 2006; Cohn and Tickle, 1999; Di-Poï et al., 2010; Infante et al., 2015; Lopez-Rios, 2016; Martill et al., 2015; Sagai et al., 2004; Tchernov et al., 2000; Zeller et al., 2009) . Our genomic enhancer replacement experiments in mice conclusively demonstrate that the loss of function in a single enhancer observed in snakes is sufficient to cause severe limb reduction in mice, raising the possibility that ZRS deactivation contributed to the loss of limbs in the snake lineage. However, changes in other sequences involved in limb development must also have occurred in snakes. These changes could for example involve regulation of Hox genes that act upstream of Shh (Cohn and Tickle, 1999; Di-Poï et al., 2010; Head and Polly, 2015) , or other genes that are critical for initiation of limb development (e.g., Min et al., 1998; Rallis et al., 2003; Sekine et al., 1999; Tanaka et al., 2002) . Notably, following the morphological disappearance of limbs, any sequence required exclusively for limb development is no longer subject to negative selection and is expected to degrade over time. This is exemplified by the reduction in the transgenic reporter activity of other serpentine limb enhancers whose phenotypic impact on limb development remains to be determined (Guerreiro et al., 2016; Infante et al., 2015) . In the case of the ZRS, the enhancer activity observed in a basal snake (boa, Figure 2 ) suggests that the sequence degeneration of the ZRS in snakes started in conjunction with or, more likely, after other disruptive molecular events contributing to the loss of limbs. Consequently, we do not expect that the reintroduction of a fully functional ZRS into a snake genome alone would be sufficient to induce the formation of fully or even partially developed limbs in snakes.
While we deliberately focused on a locus with strong pre-existing evidence for function from human disease and mouse genetics studies (reviewed in Hill and Lettice, 2013; VanderMeer and Ahituv, 2011) , an increasing number of unbiased genomewide enhancer data across closely and distantly related animal species (Acemel et al., 2016; Arnold et al., 2014; Cotney et al., 2013; Eckalbar et al., 2016; Gehrke et al., 2015; He et al., 2011; Prescott et al., 2015; Reilly et al., 2015; Villar et al., 2015; Xiao et al., 2012) creates a rapidly growing list of candidate lineage-and species-specific enhancers. A major challenge is the identification of the subsets of these enhancers that functionally contribute to morphological and other phenotypic diversity. Our study provides an example how genome editing-enabled enhancer replacement makes it possible to recapitulate the functional erosion of a regulatory sequence across evolution through in vivo experiments. As genome-editing tools are becoming increasingly available, we expect that this approach will be useful to routinely study the phenotypes associated with evolutionary changes in other regulatory sequences associated with morphological adaptations in vertebrates.
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CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for reagents may be directed to, and will be fulfilled by the Lead Contact Axel Visel (avisel@lbl.gov).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
All animal work was reviewed and approved by the Lawrence Berkeley National Laboratory Animal Welfare and Research Committee. All mice used in this study were housed at the Animal Care Facility (ACF) of LBNL. Mice were monitored daily for food and water intake, and animals were inspected weekly by the Chair of the Animal Welfare and Research Committee and the head of the animal facility in consultation with the veterinary staff. The LBNL ACF is accredited by the American Association for the Accreditation of Laboratory Animal Care (AAALAC). Transgenic mouse assays, enhancer knockouts and knockins were performed in Mus musculus FVB strain mice. The following developmental ages were used in this study: embryonic day E10.5, E11.5, E14.5 and E18.5 mice; 2 week old mice. Animals of both sexes were used in the analysis. See Method Details for sample size selection and randomization strategies.
METHOD DETAILS Phylogenetic Analysis Genome Data
The following genome assemblies were used in the study: human (hg19), cow (bosTau7), dolphin (turTru2), horse (equCab2), megabat (pteVam1), mouse (mm9), platypus (ornAna1), sloth (choHof14), chicken (galGal4), anole lizard (anoCar2), Burmese python (version AEQU02), king cobra (version AZIM01), boa constrictor (assembly version 7C, Assemblathon 2, http://gigadb.org/), speckled rattlesnake (version JPMF01), viper (version JTGP01), corn snake (version JTLQ01), coelacanth (latCha1), elephant shark (calMil1). All snake genomes, except boa constrictor, were downloaded from the NCBI. All other vertebrate genomes were downloaded from the UCSC genome browser. See Table S1 for details.
Identification of Orthologous Enhancer Sequences
The list of 1,194 mouse enhancers was obtained from the VISTA database (Pennacchio et al., 2006; Visel et al., 2007) . In addition to the ZRS, we selected VISTA enhancers that were active exclusively in the developing limbs (73) or forebrain (121). To identify orthologous enhancers, mouse genome sequences corresponding to each enhancer were mapped onto other genomes using the modified bi-directional BLAST. We first conducted a blastn search and collected best hits with E-values smaller than 1e-5 for every enhancer for every genome. For every hit we extracted the genomic region corresponding to blast alignment and adjacent regions of the genomes sufficient to cover unaligned segments of the enhancer plus 20 nucleotides to account for indels. We then used these sequences to query the mouse genome, collected best hits with E-values smaller than 1e-5 and examined the location of the hit. If its location overlapped partially or completely with the location of the original enhancer, the enhancer was included into the corresponding ''enhancer family.'' For the ZRS from python, cobra, and boa we also confirmed the location of the enhancer between highly conserved exons of the Lmbr1 gene. For primer sequences, please see Table S6 For chemically synthetized DNA, please see Tables S2 and S3  N Phylogenetic Tree Inference and Analysis of Evolutionary Rates For enhancers present in at least 4 species, the orthologous sequences from all the species were aligned to each other using MAFFT (Katoh and Standley, 2013) in linsi mode. Poorly aligned positions were eliminated from the alignments using Gblocks (Castresana, 2000) in DNA mode, allowing 50% of gapped positions and setting the minimum length of a block to 8. A poorly sequenced region (polyN region) in the 3 0 of the viper ZRS enhancer was excluded from the analysis for all species. The best fitting model of evolution was found for every enhancer ortholog family using jMolelTest (Darriba et al., 2012) , and phylogeny was reconstructed for every group using PhyML (Guindon et al., 2010) , collecting site-specific likelihood for the ML tree. We used the known topology of the vertebrate species tree (based on UCSC (https://genome.ucsc.edu/cgi-bin/hgGateway) and (Hsiang et al., 2015; Pyron et al., 2013) ) and estimated branch lengths using alignments of every respective enhancer in PhyML, collecting site-specific likelihood. We then compared two topologies in terms of the fit they provide for the sequence data using SH-test implemented in CONSEL (Shimodaira and Hasegawa, 2001) . If the enhancer-specific topology was a much better fit for the sequence data than species tree topology (p-value of SH-test less than 0.03) we excluded this enhancer family as potentially containing non-orthologous sequences. This resulted in 60 limb-and 96 forebrain-specific enhancer families that were used for further analysis. The relative evolutionary rate in each branch of the species tree was estimated as the branch length for the ZRS (or mean branch length for all limb enhancers), normalized by the mean branch length of all forebrain or limb enhancers. Average heights of the relevant sub-trees were used to test the differences in evolutionary rates between the ZRS and forebrain enhancers with a one-sided permutation test.
In Vivo Transgenic Reporter Assays
Enhancer candidate regions (see Table S2 for sequences) were chemically synthetized by Integrated DNA Technologies (IDT) and cloned into an Hsp68-promoter-LacZ reporter vector (Pennacchio et al., 2006) using Gibson (New England Biolabs [NEB]) cloning (Gibson et al., 2009) . Transgenic mouse embryos were generated by pronuclear injection, and F 0 embryos were collected at E11.5 and stained for LacZ activity (Kothary et al., 1989; Pennacchio et al., 2006) . Before injection plasmid DNA was linearized with XhoI or HindIII, followed by purification. FVB and CD-1 mouse strains were used as embryo donors and foster mothers respectively. Super-ovulated female FVB mice (7-8 weeks old) were mated to FVB stud males, and fertilized embryos were collected from oviducts. The DNA was diluted in injection buffer (10 mM Tris, pH 7.5; 0.1 mM EDTA) to a final concentration of 1.5 ng/ul and used for pronuclear injections of FVB embryos in accordance with standard protocols approved by the Lawrence Berkeley National Laboratory. The injected zygotes were cultured in KSOM with amino acids at 37 C under 5% CO2 in air for approximately 2 hr. Thereafter, zygotes were transferred into uterus of pseudopregnant CD-1 females. Embryos were harvested at embryonic day 11.5 in cold PBS, followed by 30 min of incubation with 4% paraformaldehyde. The embryos were washed three times for 30 min with embryo wash buffer (2mM MgCl2; 0.01% deoxycholate; 0.02% NP-40; 100mM phosphate buffer, pH 7.3). LacZ activity was detected by incubating with freshly made staining solution (0.8mg/ml X-gal; 4mM potassium ferrocyanide; 4mM potassium ferricyanide; 20mM Tris, pH 7.5 in wash buffer) overnight followed by three rinses in PBS and post-fixation in 4% paraformaldehyde. Only patterns that were observed in at least three different embryos resulting from independent transgenic integration events of the same construct were considered reproducible. The procedures for generating transgenic and engineered mice were reviewed and approved by the Lawrence Berkeley National Laboratory (LBNL) Animal Welfare and Research Committee.
Generation of Enhancer Knockout and Knockin Mice Using CRISPR/Cas9
Mouse strains carrying replaced (knockin) and deleted (knockout) ZRS enhancer alleles were created using a modified CRISPR/Cas9 protocol (Wang et al., 2013; Yang et al., 2014; (see Figures 3, S3 , and S4A-S4F for details of the strategy and methodology). Briefly, sgRNAs targeting the ZRS enhancer region were designed using CHOPCHOP (Montague et al., 2014) to position the guide target sequence inside the replaced enhancer region in close proximity to its 5 0 border (sgRNA recognition sequence was 5 0 -agtac catgcgtgtgtgtgaGGG-3 0 where GGG is the PAM; see Figures S4A-S4F) . No potential off-targets were found by searching for matches in the mouse genome (mm10) and allowing for up to two mismatches in the 20 nt sequence preceding the NGG PAM sequence. The T7 promoter was added to the sgRNA template, and the whole cassette was chemically synthetized by IDT. The PCR amplified T7-sgRNA product (primers E1 and E2) was used as a template for in vitro transcription using the MEGAshortscript T7 kit (Thermo Fisher Scientific). The Cas9 mRNA was in vitro transcribed using the mMESSAGE mMACHINE T7 kit (Thermo Fisher Scientific). The DNA template for in vitro transcription containing human optimized Cas9 gene was PCR amplified from pDD921 plasmid using T7Cas9_F and PolyACas9_R primers. To create a donor plasmid, a corresponding orthologous enhancer region of the same size was chemically synthetized by IDT, flanked by homology arms and incorporated into the pCR4-TOPO (Thermo Fisher Scientific) or pSKB1 (Bronson et al., 1996) backbone using Gibson cloning (NEB; see Table S3 and Figures S4A-S4F ). Transgenic knockin mice were generated by injecting a mix of Cas9 mRNA (final concentration of 100 ng/ul), sgRNA (50 ng/ul) and donor plasmid (50 ng/ul) in injection buffer (10 mM Tris, pH 7.5; 0.1 mM EDTA) into the cytoplasm of FVB embryos in accordance with standard procedures approved by the Lawrence Berkeley National Laboratory Animal Welfare and Research Committee (see details of injection procedure above). Female mice of CD-1 strain were used as foster mothers. F0 mice were genotyped using PCR. See Key Resources Table, and Figures S4A-S4F for details.
In Situ Hybridization
The Shh transcript distribution in E10.5 mouse embryonic limb buds was assessed by whole mount in situ hybridization using digoxigenin-labeled antisense riboprobes as previously described (Echelard et al., 1993; Panman et al., 2006) . Embryos were fixed in 4% PFA/PBS overnight at 4 C, washed in PBT (0.1% Tween), progressively dehydrated in a methanol/PBT series and stored in methanol at À20 C until further processing. Embryos were rehydrated in a reverse methanol series, washed in PBT and bleached in 6% H 2 O 2 / PBT for 15 min. After further washes in PBT, samples were treated with 10 mg/mL proteinase K in PBT for 15 min, followed by a 5 min incubation in 2 mg/ml glycine/PBT, washed in PBT and finally re-fixed in 0.2% glutaraldehyde/4% PFA in PBT for 20 min. After several washes in PBT, embryos were transferred to hybridization buffer (50% deionized formamide; 5x SSC pH 4.5; 2% Roche Blocking Reagent; 0.1% Tween-20; 0.5% CHAPS; 50 mg/mL yeast RNA; 5 mM EDTA; 50 mg/ml heparin) and incubated for one hour at 70 C. Afterward, the solution was changed to hybridization buffer containing 1 mg/ml DIG-labeled Shh riboprobe and samples were incubated overnight at 70 C. The following morning, the probe solution was removed and the embryos washed at 70 C several times in hybridization buffer with increasing concentrations of 2x SCC pH 4.5, with the last washes performed in 2x SCC; 0.1% CHAPS. Subsequently, the samples were treated with 20 mg/ml RNase A in 2x SSC, 0.1% CHAPS for 45 min at 37 C and washed twice in maleic acid buffer (100 mM Maleic acid disodium salt hydrate; 150mM NaCl; pH 7.5) for 10 min at room temperature, followed by additional washes at 70 C. Embryos where then equilibrated in TBST (140mM NaCl; 2.7mM KCl; 25mM Tris-HCl; 1% Tween 20; pH 7.5), blocked in 10% lamb serum/TBST and finally incubated overnight at 4 C in a 1% lamb serum containing Anti-Dig-AP antibody (Roche, 1:5000). After extensive washes in TBST and equilibration in NTMT (100mM NaCl, 100mM Tris-HCl; 50mM MgCl 2 ; 1% Tween-20; pH 9.5), AP activity was detected by incubating the samples in BM purple reagent (Roche) at room temperature. Forelimb buds from at least three independent embryos were analyzed for each genotype (including ZRS WT/D and ZRS D/D controls) and yielded very similar or identical patterns for all results shown. The stained limb buds were imaged using a Leica MZ16 microscope and Leica DFC420 digital camera.
Skeletal Preparations
For skeletal preparation, embryos were harvested at embryonic day E18.5, dissected in water, followed by overnight incubation in water at room temperature. The embryos were fixed in ethanol for 24 hr and stained according to a standard Alcian blue/Alizarin red protocol (Ovchinnikov, 2009) . The stained embryos were dissected in 80% glycerol and limbs were imaged at 1x using a Leica MZ16 microscope and Leica DFC420 digital camera.
Sample Selection and Blinding
Transgenic Mouse Assays Sample sizes were selected empirically based on our previous experience of performing transgenic mouse assays for > 2,000 total putative enhancers (Attanasio et al., 2013; Blow et al., 2010; May et al., 2011; Pennacchio et al., 2006; Visel et al., 2007; 2009) . Mouse embryos were only excluded from further analysis if they did not carry the reporter transgene or if they were not at the correct developmental stage. All transgenic mice were treated with identical experimental conditions. Randomization and experimenter blinding were unnecessary and not performed.
Enhancer Knockouts and Knockins
All experiments that involved knockin and knockout mice employed a matched littermate selection strategy. Sample sizes were selected empirically based on our previous studies (Attanasio et al., 2013) . All knockout/knockin mice described in the paper resulted from multiple F0 x heterozygous enhancer deletion (null) crosses to allow for the comparison of matched littermates of different genotypes. For every hemizygous null/knockin animal selected, a null/wild-type and homozygous null/null animal from the same litter was selected for comparison. Embryonic samples used for in situ hybridizations and skeletal preparations were dissected blind to genotype.
Motif Analysis
Orthologous aligned ZRS sequences from multiple species were scanned for all putative binding sites of the ETS1 transcription factor using FIMO (Grant et al., 2011) and available position weight matrices (Heinz et al., 2010; Jolma et al., 2013) . Gaps were removed from the multispecies alignment and a custom Python script was used to super-impose the FIMO-derived sites on the alignment (Figure S5 ). Relative substitution rates in the ETS and homeodomain sites ( Figures 5C and 5D) were calculated for each species as the ratio between the substitution rate in the ETS or homeodomain sites and the substitution rate in the rest of the ZRS enhancer (using human ZRS enhancer as a reference).
QUANTIFICATION AND STATISTICAL ANALYSIS Substitution Rates in TF Motifs
Changes in relative substitution rates in DNA motifs in the ZRS enhancer between non-snake species and snakes ( Figure 5 ) were compared using Mann-Whitney test.
Differences in Evolutionary Rates
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1 1040 1045 Figure S1 . Phylogenetic Conservation of the ZRS Enhancer across Jawed Vertebrates, Related to Figure 1 Shown is the core 800 bp of the mouse ZRS enhancer aligned with the orthologous sequences from 17 different vertebrate species, including cartilaginous and bony fishes (elephant shark and coelacanth), five snakes (boa constrictor, Burmese python, speckled rattlesnake, viper and king cobra) and ten limbed tetrapods. Blastn was used to identify sequences orthologous to the mouse ZRS sequence. (A, B) or all other limb specific enhancer sequences from the VISTA enhancer browser (C). Colors indicate the relative evolutionary rate of the ZRS (A, B) or all other limb specific enhancers (C) compared to forebrain specific enhancers (A, C) or to other limb specific enhancers (B) from the VISTA enhancer browser. This is consistent with the recent observation that other limb enhancers are conserved in snakes (Infante et al., 2015) . This sequence conservation has been ascribed to functions in the development of vestigial limb structures in basal snakes or pleiotropic functions in structures outside the limb. Mouse ZRS transgenic reporter assays show no reproducible staining outside the limb, and ZRS deletion studies in mice indicate no phenotypes beyond limb defects, suggesting that the function of the ZRS is restricted to limb development (Lettice et al., 2003; Sagai et al., 2005) .
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